The premium leaded gasoline (PLG) and two kinds of lead-free gasoline [including 92 leadfree gasoline (92-LFG) and 95 lead-free gasoline (95-LFG) so called for their octane levels] are the three major fuels currently used in Taiwan area for spark-ignition engine vehicles. Recently worldwide efforts to reduce the use of PLG are intended to lower lead emission into the atmosphere and eventually to reduce the lead level in human blood. In Taiwan, the annual PLG consumption rates decreased significantly from 2,599 × 10 6 L/year in 1994 to 944 × 10 6 L/year in 1999. On the other hand, the annual consumption rates of 92-LFG and 95-LFG increased significantly from 1,321 × 10 6 L/year and 3,485 × 10 6 L/year in 1994, to 2,136 × 10 6 L/year and 6,118 × 10 6 L/year in 1999, respectively (Table 1) . As a result, one-ring aromatic hydrocarbon in LFG fuels were added to maintain the knock resistance of vehicle engine (1). An important question, therefore, is whether the use of LFG in replacing PLG will increase emissions of some toxic substances, such as polycyclic aromatic hydrocarbons (PAHs), from gasoline-fueled engines.
The premium leaded gasoline (PLG) and two kinds of lead-free gasoline [including 92 leadfree gasoline (92-LFG) and 95 lead-free gasoline (95-LFG) so called for their octane levels] are the three major fuels currently used in Taiwan area for spark-ignition engine vehicles. Recently worldwide efforts to reduce the use of PLG are intended to lower lead emission into the atmosphere and eventually to reduce the lead level in human blood. In Taiwan, the annual PLG consumption rates decreased significantly from 2,599 × 10 6 L/year in 1994 to 944 × 10 6 L/year in 1999. On the other hand, the annual consumption rates of 92-LFG and 95-LFG increased significantly from 1,321 × 10 6 L/year and 3,485 × 10 6 L/year in 1994, to 2,136 × 10 6 L/year and 6,118 × 10 6 L/year in 1999, respectively ( Table 1) . As a result, one-ring aromatic hydrocarbon in LFG fuels were added to maintain the knock resistance of vehicle engine (1) . An important question, therefore, is whether the use of LFG in replacing PLG will increase emissions of some toxic substances, such as polycyclic aromatic hydrocarbons (PAHs), from gasoline-fueled engines.
PAHs and their derivatives are associated with the incomplete combustion of organic material, arising partly from natural combustion, such as forest fires and volcanic eruptions; but most emissions arise from anthropogenic activities, such as the burning of gasoline in motor vehicles (2) (3) (4) . For gasoline-powered engines, the emission of PAHs occurs through many factors, including the chemical compositions of the fuels, the types of lubricant and fuel additives, and the engine's operating conditions (1, (5) (6) (7) . However, the emission of PAHs in the above studies was assessed on the basis of total PAH concentration, without taking the carcinogenic potency of each individual PAH compound into account. To date, the International Agency for Research on Cancer (IARC) has classified several PAH compounds into probable (2A) or possible (2B) human carcinogens (8) . In principle, the carcinogenic potency of a given PAH compound can be assessed based on its benzo[a]pyrene equivalent concentration (BaP eq ). Calculation of BaP eq concentration for a given PAH compound requires the use of its toxic equivalent factor (TEF)-which represents the relative carcinogenic potency of the given PAH compound by reference to the specific compound BaP-to adjust its original concentration. To date, only a few proposals for TEFs are available (9) (10) (11) . Among them, the list of TEFs completed by Nisbet and LaGoy in 1992 (11) ( Table 2) reflects well the actual state of knowledge on the toxic potency of each individual PAH compound (12) . On the basis of this TEFs list, the carcinogenic potency of total PAHs can be assessed by the sum of the BaP eq concentrations estimated for each PAH compound in total PAHs.
In this study we aimed first to assess the effect on PAH emissions when different types of LFG replaced PLG in a test gasoline-powered engine. Assuming that PAH compositions in the engine exhaust might be affected by the types of gasoline fuel used in the test engine, we further assessed total BaP eq concentrations in engine exhaust as a possible health risk. The results obtained from this study will enhance further examination of the appropriate type of LFG to replace PLG.
Materials and Methods
Engine and dynamometer system. The gasoline-powered engine (noncatalyst) used in this study was a Mazda E5 engine with an odometer reading of approximately 100,000 km. The test engine was a four-cylinder carburetor with the ignition order of 1-3-4-2, bore and stroke of 77 × 80 mm 2 , swept volume of 1,490 cm 3 , power generation rate of 6.88 kW/1,500 rpm, and compression ratio of 9:1. The engine was installed and operated on a dynamometer (Model FE 60-100-150S; Borghi & Saveri Corp, Bologna, Italy). The engine was adjusted at the laboratory of the manufacturer before the first experiment was conducted. Before each set of experiments, both the lubricating oil and the oil filter were changed and the fuel tank was emptied. The tank was filled with 20 L fuel, and then the engine was conditioned by simulating a cruising distance of approximately 55 km at a speed of 110 km/hr (rotary speed 3,000 rpm). To eliminate the effect of the type of lubricant on the performance of the test engine, only one commercially available synthetic engine lubricating oil was used (Super-2170; Chinese Petroleum Co., Taipei, Taiwan) in this study. The rotary speeds of 1,000, 1,500, 2,100, and 3,000 rpm simulated the four specified operating conditions of idling and the three cruising speeds of 40 km/hr, 80 km/hr, and 110 km/hr, respectively. Under these four operating conditions, the throttle opening fractions of the air valve were 0%, 20%, 30%, and 40%, the eddy currents on the dynamometer were 1.1, 2.6, 2.6, and 2.3 Amp, and the torques were 0.79, 4.44, 4.39, and 4.32 kg/m, respectively. We performed three runs of the experiment under each of the prescribed operating conditions. Gasoline fuels. We tested three gasoline fuels currently used most often in Taiwan, including PLG, 92-LFG, and 95-LFG (Table 3) . For each set of experiments, we determined the volume of gasoline fuel before and after the experiment to obtain the net amount of fuel consumed. Also, before each set of experiments was conducted, we collected three 10-mL gasoline samples for PAH analysis. The fuel consumption rates, inlet airflow rates, and exhaust gas flow rates obtained for each of the three gasoline fuels operated under each of the four specified operating conditions are shown in Table 4 .
PAH sampling system for engine exhaust. Because PAHs contained in engine exhaust gases are semivolatile, measurements for both particle-phase and gas-phase PAHs were necessary. We used a PAH sampling system (PSS; Bectech Group Ltd. Co., Taipei, Taiwan) to meet the above requirement. The PSS was equipped with a dilution pipe (internal diameter 30 cm) which was connected to the engine tail pipe, and from which the exhaust gas was drawn, diluted, cooled, and then collected. The dilution factor of pollutants in the dilution pipe was approximately 25. A pump was installed behind the flow meter to draw the gas sample from the dilution pipe. We used a sampling probe with a filter holder to collect particle-phase PAHs in the diluted exhaust. A cooling device was installed after the filter holder to ensure the temperature of gas was below 31°C to prevent the revolatization of lower molecularweight PAHs from the glass cartridge. The glass cartridge contained three sections, including a 5-cm polyurethane foam (PUF) plug, followed by 2.5 cm of XAD-2 resin, and finally supported by a 2.5-cm PUF plug. Silicon glue was used to seal and hold the two PUF plugs to prevent XAD-2 resin from leaking out during sampling. The PAH compounds collected by the glass cartridge comprised the gas-phase PAHs. In this study, the operational flow rates of the PSS were specified at 4.5-5.5 L/min.
Before sampling, we cleaned the glass fiber filter with distilled deionized water and n-hexane, and placed it in an oven at 450°C for 8 hr to burn off organic compounds that might have been contained in the filters. Finally, the glass fiber filter was stored in a prebaked glass box and wrapped with hexane-washed aluminum foil. The cartridge was first soaked in distilled water and methanol dichloromethane for 1 day and then soaked in n-hexane for 4 days. Then the glass cartridge was placed in a vacuum oven at 60°C for 2 hr to evaporate residual solvent.
Finally, the cartridge was wrapped by hexanewashed aluminum foil and stored in clean screw-capped jars with Teflon cap liners.
We performed breakthrough tests on a two-layer XAD-2 cartridge with the sequence PUF-1, XAD-2-1, PUF-2, XAD-2-2, and PUF-3. After sampling, we analyzed the PAH concentrations of the two XAD-2 resin layers and the three PUF plugs. In three breakthrough tests, we found no significant amounts of PAHs in the XAD-2-2 resin, PUF-2, and PUF-3 sections.
PAH analysis. After sampling, both glass fiber filter and cartridge were Soxhlet extracted with a mixed solvent (n-hexane and dichloromethane, v:v = 1:1, 500 mL each) for 24 hr. The extract was concentrated by purging with ultrapure nitrogen (flow rate 1.0 L/min) to 2 mL, which was followed by the cleanup procedure to remove pollutants that would coelute with PAHs from the gas chromatography (GC) column. The cleanup procedure was done in a cleanup column. The column (internal diameter 1 cm) contained approximately 5 g glasswool at the bottom, filled by 17 g 6% deactivated silica gel (mixed with 60 mL n-hexane) in the middle section, and topped with 1 cm of anhydrous sodium sulfate. Before cleanup, we added 60 mL nhexane to wash the sodium sulfate and the silica gel. Just before the sodium sulfate layer was exposed to the air, the elution of nhexane was stopped and the eluant was discarded. During cleanup, the concentrated sample was transferred onto column, and the wall of vessel was rinsed twice with 2 mL nhexane which was also added to the column. Then, 200 mL 6% ethylether in n-hexane was added to the column and allowed to flow through the column at a rate of 3-5 mL/min, and the eluant was collected. The collected eluant from the cleanup procedure was reconcentrated to 0.5 mL with nitrogen. We used a GC (model 5890A; HewlettPackard, Wilmington, DE, USA) with a Hewlett-Packard capillary column (HP Ultra 2, 50 m × 0.32 mm × 0.17 µm), a mass selected detector (MSD) (Hewlett-Packard model 5972), and a computer workstation for the PAH analysis. We determined the masses of molecular and fragment ions of PAHs using the scan mode for pure PAH standards. We identified PAHs using the selected ion monitoring (SIM) mode. The GC/mass spectrometer (MS) was calibrated with a diluted standard solution of 16 We determined PAH recovery efficiencies by spiking the filter/cartridge with solutions containing known PAH concentrations through the same experimental procedure applied to the field samples. The recovery efficiency of PAHs varied between 0.736 and 1.15 and averaged 0.859. The recovery efficiency yielded for the two internal standards PA-d10 and PER-d12 was between 0.78 and 0.88. The blank tests for PAHs were accomplished by the same procedure as the recovery-efficiency tests without adding the known standard solution before extraction. Analyses of field blanks, including filters and cartridges, found no significant contamination (GC/MS integrated area < detection limit).
Results and Discussion
PAH and its corresponding BaP eq concentration originally contained in gasoline fuels. We collected six samples from each of the three gasoline fuels (i.e., PLG, 92-LFG, and Articles • PAH exhaust from leaded and lead-free gasoline fuel Environmental Health Perspectives • VOLUME 109 | NUMBER 12 | December 2001 PAHs contained in engine exhaust. In this study, the test engine was operated under four specified operating conditions, including idling, and three cruising speeds of 40 km/hr, 80 km/hr, and 110 km/hr for each of the three gasoline fuels. For each set of experiments (i.e., the test engine was filled with one specific type of gasoline fuel and operated under one specific operating condition), we collected three samples from the engine exhaust by using the PSS. The mean concentrations (micrograms per cubic meter) obtained for each of the 21 PAH compounds and the total PAHs (micrograms per cubic meter) are shown in Table 6 . Total PAH concentrations for each of the three gasoline fuels operated under the four specified operating conditions were not consistent. The magnitude of total PAHs presented in sequences for PLG, 92-LFG, and 95-LFG operated under the four specified operating conditions were, respectively, 110 km/hr > 40 km/hr > 80 km/hr > idling; 80 km/hr >110 km/hr > idling > 40 km/hr; and 110 km/hr > 40 km/hr > 80 km/hr > idling. These results are not surprising because the fuel consumption rates and inlet air flow rates were different for the three types of gasoline fuel when operated under the four specified operating conditions (Table 4) . Moreover, given that the exhaust gas flow rates were also different (Table 4) , the above total PAH concentrations were not adequate to describe the amount of PAH emission for each of the three types of gasoline fuel when operated under each of the four specified operating conditions. Table 6 also shows the emission factors for total PAHs (i.e., EF PAHs , micrograms per liter of fuel) for each of the three types of gasoline fuel when operated under each of the four operating conditions. Here, EF PAHs was defined as the amount of total PAHs (micrograms) expelled from the test engine when 1 L of gasoline fuel was consumed, and was calculated based on the following equation:
From this equation, total PAHs (micrograms per cubic meter) can be found in Table 6 , and the exhaust gas flow rate (liters per minute) and the fuel consumption rate (liters per hour) can be seen in Table 4 . The results show the magnitude of EF PAH presented in sequence for the four specified operating conditions shared the same trend as 95-LFG > PLG > 92-LFG. Because the three types of gasoline fuel contain similar PAH concentrations (Table 5) , the above results suggest that PAHs originally contained in gasoline fuels did not affect PAH emissions in the engine exhaust. PAHs in the engine exhaust were contributed both by the survival of PAHs originally contained in the fuel and by PAHs generated during pyrosynthesis (13) . At this stage, because the mechanisms of survivability and pyrosynthesis of PAHs in the engine are not well understood, the results obtained from this study warrant further research.
BaP eq contained in the engine exhaust. Table 6 shows that Nap contributed to the majority of total PAHs for the three types of gasoline fuel operated under the four specified operating conditions. Therefore, the measurement of total PAHs might be deceptive on assessing the health-risks that associated with total PAH exposures because some PAH compounds, such as BaP, DBA, BaA, BbF, BkF, and IND, are more carcinogenic than Nap. Therefore, we must examine further the emission of BaP eq as a health risk. Table 7 shows the mean concentrations of BaP eq for each of the 21 PAH compounds and the total BaP eq for each type of gasoline when operated under the four specified operating conditions. The magnitudes of total km/hr > idling; 110 km/hr > 80 km/hr > idling > 40 km/hr; and 110 km/hr > 80 km/hr > idling > 40 km/hr. At this stage, we do not have enough knowledge to address the above findings because the fuel consumption rates and inlet air flow rates were different for the three types of gasoline fuel operated under the four specified operating conditions (Table 4) , and particularly because the mechanism regarding the PAH emissions in the engine are not well understood. Table 7 also shows the emission factors for total BaP eq (i.e., EF BaPeq , micrograms per liter of fuel) for each type of gasoline fuel when operated under the four operating conditions. Here, the emission factor EF BaPeq (micrograms per liter of fuel) was defined as the amount of BaP eq (micrograms) exhausted from the test engine when 1 L of gasoline fuel was consumed, and was calculated based on the following equation:
The results show that the magnitude of EF BaPeq presented in sequence for the four specified operating conditions were not consistent. The sequences were 95-LFG > PLG > 92-LFG, for the test gasoline engine when operated under 110 km/hr, 80 km/hr, and idling conditions, and PLG > 95-LFG > 92-LFG when operated at 40 km/hr. Although the three types of fuel originally contained quite similar BaP eq contents (Table  5) , the above results indicate that PAHs originally contained in the fuel did not affect the emission of BaP eq . One recent study indicated that the combustion process not only might decrease the lower molecular weight PAHs originally contained in raw materials, but also might increase some more toxic compounds, such as BaP, in the exhaust gas (14) . At this stage, because the mechanisms regarding the decomposition and pyrosynthesis of PAHs for the gasoline-powered engine are not well understood, the results obtained from this study warrants further research.
The effect of using lead-free gasoline on total PAH and BaP eq emissions. Table 8 shows the annual emission rates (kilograms per year) of total PAHs (i.e., ER PAH ) and total BaP eq (i.e., ER BaPeq where Avg EF PAH = the averaged EF PAH values for the given type of gasoline operated under the four specified cruising speeds (micrograms per liter of fuel) ( Table 6 ). Ave EF BaPeq = the averaged EF BaPeq values for the given type of gasoline operated under the four specified cruising speeds (micrograms per liter of fuel) ( Table 7) .
The results show the ER PAH for PLG reduced significantly from 9,876 kg/year in 1994 to 3,587 kg/year in 1999. But for 92-LFG and 95-LFG, the ER PAH increased significantly from 3,580 L/year and 22,234 kg/year in 1994 to 5,798 kg/year and 39,033 kg/year in 1999, respectively. Total ER PAH (i.e., the sum of ER PAH values for the three type of gasoline) increased from 35,690 kg/year in 1994 to 48,409 kg/year in 1999. Obviously, the above results could not be explained simply by the annual consumption rates of the three types of gasoline fuel. The Avg EF PAH (Table 6 ) for the three types of gasoline fuel also played important roles for ER PAH and total ER PAH . As shown in Table 6 , the magnitude of Avg EF PAH presented in sequence for the three types of gasoline was 95-LFG > PLG > 92-LFG (i.e, 6,380 µg/L fuel > 3,800 µg/L fuel > 2,710 µg/L fuel). Therefore, use of 95-LFG to replace PLG would increase total ER PAH , but use of 92-LFG would decrease total ER PAH . Annual consumption rates of the three types of gasoline show that PLG decreased from 2,599 × 10 6 L/year in 1994 to 944 × 10 6 L/year in 1999. On the other hand, 92-LFG and 95-LFG increased from 1,321 × 10 6 L/year and 3,485 × 10 6 L/year in 1994 to 2,136 × 10 6 L/year and 6,118 × 10 6 L/year in 1999, respectively. The increase of fuel consumption for 95-LFG was more significant than for 92-LFG during the period. That the magnitude of Avg EF PAH for 95-LFG (i.e., 6,380 µg/L fuel) was also higher than for 92-LFG (i.e., 3,800 µg/L fuel) suggests that the increases of total ER PAH were caused mainly by increases in 95-LFG consumption during the period. Figure 1 shows the annual increasing rates for both total gasoline consumption and total ER PAH from 1995 to 1999 (by reference to the values obtained in 1994). The increasing rate for total ER PAH (36%) was higher than the corresponding increasing rate for annual gasoline consumption (24%) over the same period. Therefore, when PLG was replaced by LFG for the test gasoline engine, it might reduce lead emissions, but would increase PAH emissions, specifically when 95-LFG was used. The above result suggests that loweroctane LFG may be a more desirable substitute for PLG. However, PAH emissions from the gasoline-powered engine might not completely reflect humans' environmental exposure level. For instance, the particle size of particle-phase PAHs expelled from the gasoline engine might be increased in the atmosphere via aggregation with other aerosols. The resultant aggregates could be removed from the atmosphere through gravitational precipitation, and thus might not affect human exposure levels. Gas-phase PAHs could be adsorbed and bounded by large particles, which might in turn decrease their bioavailabilities and eventually decrease the internal dose in the human body. Because these factors were not considered, the results obtained from this study might be suggestive but should be used with caution for policy decisions.
As shown in Table 8 
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Gasoline consumption Total PAHs Total BaP eq gest that the increase of total ER BaPeq could not be explained simply by the increase in total gasoline consumption. This was also affected by the magnitude of Avg EF ER BaPeq for the three types of gasoline. As shown in Table 7 , the magnitudes of Avg EF BaPeq presented in sequence for the three types of gasoline were 95-LFG > PLG > 92-LFG (i.e., 101 µg/L fuel > 63.7 µg/L fuel > 14.3 µg/L fuel). Therefore, the increases of total EF BaPeq were caused mainly by the increases of 95-LFG consumption during the period.
The above results suggest the use of LFG to replace LPG in gasoline engines would significantly increase the emission of carcinogenic PAHs, particularly when 95-LFG was used instead of 92-LFG. However, the increasing rates obtained for both total ER PAH and total ER BaPeq show that the values for the former were slightly higher than the corresponding values for the latter (Figure 1 ). This result suggests that the use of LFG to replace LPG for the test gasolinepowered engine would produce approximately equal significance for the increase of both total ER PAH and total ER BaPeq .
The results obtained from this study are applicable only for gasoline fuels with similar chemical compositions when tested against the same type of gasoline-powered engine. Both LPG and LFG found outside Taiwan might contain different chemical compositions (even the fuel with the same RON/MON range), so the PAH emissions in the engine exhaust could be different. Therefore, the results obtained in this study should not be adopted directly for policy decisions in other countries. Moreover, recent studies have indicated the PAH emissions from the gasoline-powered engine might also be affected by the types of lubricant (15) and catalytic converter (16) . Because other types of engine, gasoline fuel, lubricant, and catalytic converter will affect PAHs emission in the engine exhaust, further studies should be conducted to extend the generality of the above findings.
Conclusions
In this study, we found the three types of fuel originally contained comparable total PAH content. However, the emissions of total PAHs in exhaust gas from the test gasolinefueled engines were different when produced under different operating conditions. The averaged emission factors (Avg EF PAH ) for the gasoline-powered engine operated under the four test cruising speeds were 95-LFG > PLG > 92-LFG, indicating that the PAHs originally contained in the fuel did not affect the PAH emissions in the engine exhaust. We also examined the emissions of BaP eq from the health-risk point of view. Again, we found that the average BaP eq emission factors (Avg EF BaPeq ) for the gasoline-powered engine operated under the four test cruising speeds also shared the same trend of 95-LFG > PLG > 92-LFG. Therefore, using 95-LFG to replace PLG would increase both Avg EF PAH and Avg EF BaPeq , whereas using 92-LFG as the substitute would decrease of both amounts. By taking both emission factors and gasoline consumption rates into account, we found that both the total PAH emission rate (total ER PAH ) and total BaP eq emission rate (total ER BaPeq ) consistently increased from 1995 to 1999. However, the increasing rates for total ER PAH were slightly higher than the corresponding rates for total ER BaPeq . Given that gasoline fuels outside Taiwan might contain different chemical compositions, PAH emissions in engine exhausts could be different. Therefore, the results obtained from this study should be used with caution for policy decisions in other countries.
